The permeation of hydrophobic, cylindrical nanopores by water molecules and ions is investigated under equilibrium and out-of-equilibrium conditions by extensive molecular-dynamics simulations. Neglecting the chemical structure of the confining pore surface, we focus on the effects of pore radius and electric field on permeation. The simulations confirm the intermittent filling of the pore by water, reported earlier under equilibrium conditions for pore radii larger than a critical radius R c . Below this radius, water can still permeate the pore under the action of a strong electric field generated by an ion concentration imbalance at both ends of the pore embedded in a structureless membrane. The water driven into the channel undergoes considerable electrostriction characterized by a mean density up to twice the bulk density and by a dramatic drop in dielectric permittivity which can be traced back to a considerable distortion of the hydrogen-bond network inside the pore. The free-energy barrier to ion permeation is estimated by a variant of umbrella sampling for Na + , K + , Ca 2+ , and Cl − ions, and correlates well with known solvation free energies in bulk water. Starting from an initial imbalance in ion concentration, equilibrium is gradually restored by successive ion passages through the water-filled pore. At each passage the electric field across the pore drops, reducing the initial electrostriction, until the pore, of radius less than R c , closes to water and hence to ion transport, thus providing a possible mechanism for voltage-dependent gating of hydrophobic pores.
I. INTRODUCTION
The structure and dynamics of water and aqueous solutions near interfaces, or confined to narrow pores differ considerably from bulk behavior under comparable thermodynamic conditions. A well-known example is the high degree of supercooling which can be achieved when water is confined to nanoporous silica materials, allowing the exploration of slow relaxations by a number of experimental and numerical techniques. 1 Furthermore, water molecules are frequently subjected to very large electric fields at interfaces ͑e.g., near metallic electrodes or highly charged colloids and macromolecules͒, leading to orientational ordering of the molecules, dielectric saturation, 2 and electrostriction. 3 The joint effect of confinement and strong electric fields is of particular relevance to biological pores, such as aquaporins and ion channels through membranes. 4 In this paper we address the problem of ion and water permeation of model hydrophobic pores, under the action of strong electric fields generated by ion concentration gradients. We restrict our attention to highly simplified models in the hope to gain some generic physical insight. The nanopores will be assumed to be cylinders with smooth surfaces connecting two reservoirs with aqueous solutions. Under equilibrium conditions, in the absence of ions, this simple model has been shown to share with more realistic models of carbon nanotubes 5 or of hydrophobic ion channels [6] [7] [8] [9] the phenomenon of intermittent filling by water or "liquid/vapor oscillations" of the confined water over a narrow range of pore diameters. 10 This intermittent behavior may provide a gating mechanism for hydrophobic ion channels, whereby the channel is open or closed to ion transport when it is filled or empty of water, 8 a scenario for which some recent experimental evidence has become available. 11 Coulombic effects on the behavior of water and ions in nanopores are essentially twofold. First, if the pore surface is lined with polar residues, the pore becomes hydrophilic, so that water permeation is enhanced and occurs at smaller pore radii. 8, 12 On the other hand, an externally applied electric field along the pore axis will induce water and ion transport. The resulting current-voltage relation can be estimated by continuum theories, such as the Poisson-Nernst-Planck ͑PNP͒ formulation of electrodiffusion, 13 kinetic theory, ated by a cation concentration gradient across the embedding membrane, and the relaxation of the initial far-fromequilibrium state to a final closed state of the pore of radius R p less than the threshold radius for water permeation under equilibrium conditions. 10 The scenario observed in the nonequilibrium MD simulations may be a simple example of voltage gating. A preliminary report of parts of the present work was published elsewhere. 17 
II. MODEL AND METHODOLOGY
Consider a cylindrical pore of radius R p and length L p , connecting two reservoirs on both sides of an impermeable, nonpolarizable membrane, as sketched in Fig. 1 . The reservoirs contain water molecules and Na + , K + , or Ca 2+ cations, as well as Cl − anions, at concentrations of about 1 mol/ l. Water molecules interact via the "extended simple pointcharge" ͑SPC/E͒ model potential, 18 which involves a Lennard-Jones ͑LJ͒ potential between the oxygen ͑O͒ atoms, and Coulombic interactions between sites associated with the O atoms ͑charge −2q͒ and two H atoms ͑charge +q͒. The values of the LJ potential parameters ⑀ and are listed in Table I , while the electric charge is q = 0.428e. The water molecules are rigid and nonpolarizable, with an OH bond of 1 Å, and an HOH bond angle of 109.5°. The ions interact via the Coulomb potential and a LJ potential with each other and the water O atoms; we used the ion LJ parameters of Spohr, 19 summarized in Table I . Ion cross terms are calculated by the usual Lorentz-Berthelot combining rules. The LJ parameters are the same as those used by Lee and Rasaiah 20 and Lynden-Bell and Rasaiah 21 for the calculation of the mobilities of ions in bulk water and in infinitely long cylindrical channels, as well as in the work of Chung et al. 15 in BD simulations of ion channels. Water O atoms interact with the planar membrane surfaces ͑wall͒ by a potential of the 9-3 form, V w ͑z͒ = 4⑀Ј͓͑Ј/z͒ 9 − ͑Ј/z͒ 3 
͔, ͑1͒
where z is the distance of the O atom center from the planar surface, and the parameters ⑀Ј and Ј are given in Table I .
This potential is the same as that used for the simulation of liquid water between hydrophobic surfaces by Lee et al., 22 and is obtained by the integration of the water-hydrocarbon LJ interaction over an infinite wall. The same LJ potential is integrated over the volume confining an infinitely long cylindrical cavity to determine the radial interaction potential V p ͑r͒ between the pore surface and the particles inside the cylindrical pore. 23 An interpolation procedure, described in Appendix A, is applied at the pore edges to avoid any discontinuities. A similar procedure is used to determine the surface-ion potential, and the resulting parameters of the 9-3 potential are summarized in Table I . The confining membrane is assumed to be nonpolarizable ͑i.e., constitutes a medium of dielectric permittivity ⑀ =1͒. The simulation setup and interactions are similar to those of Allen et al., 10 which explored equilibrium fluctuations of water in such a pore, in particular, the intermittent filling and dewetting. Those simulations showed that membrane polarizability, characterized by a permittivity ⑀ Ͼ 1, does not significantly alter the observed behavior of confined water.
If R p is the geometric radius of the cylindrical pore, one may conveniently define an effective radius R relative to the water molecules by the radial distance from the cylinder axis at which the interaction energy of a water O atom with the confining surface is zero. At room temperature, this leads to R Ӎ R p − 2.5 Å; similarly the effective length of the pore is L Ӎ L p +5 Å ͑cf. Fig. 1͒ . Most simulations were carried out for L p =10 Å ͑L =15 Å͒ and the radius R p was varied between 5.5 and 8.5 Å. These pore dimensions are comparable to those of the selectivity filter of many ion channels.
The MD simulations were carried out with the DLPOLY2.13 package, 24 using the Verlet algorithm 25 for the integration of the coupled equations of motion of all particles, with a time step of 2 fs. Electrostatic interactions between particles in the periodically repeated simulation box were calculated using the smooth particle-mesh Ewald method. 26 The overall pressure in the reservoirs was maintained at P = 1 bar and the temperature at T = 300 K with the FIG. 1. Two-dimensional sketch of the cylindrical model pore with radius R p and length L p in a slab of width L p connecting two reservoirs filled with SPC/E water. The membrane-water interaction reduces the volume accessible to water and defines the effective pore radius R and the effective pore length L. The effective volume inaccessible to water is depicted ͑white area͒ by a dashed line. L x = L y and L z are the simulation box lengths. 
III. WATER PERMEATION OF A NARROW PORE
In this section we consider the permeation of the model defined in Sec. II by pure water, first in the absence of any ions, and next under the influence of a strong axial electric field induced by a cation concentration gradient across the membrane.
A. Intermittency
Several authors have reported the intermittent filling of narrow hydrophobic pores by water, characterized by stochastic wetting/dewetting transitions between filled ͑"liquid"͒ and empty ͑"vapor"͒ states of the pore, on a nanosecond time scale. [5] [6] [7] [8] [9] [10] Below a threshold value of the pore radius R p for a given pore length L p , water cannot permeate the hydrophobic pore, even though the critical effective radius R is typically more than twice the radius of a water molecule; in other words the empty ͑vapor͒ state is the only stable state. 10 A simple phenomenological, macroscopic explanation of this behavior was given by Allen et al. 10 and Beckstein and Sansom. 8 The free-energy cost of the rearrangement of the water molecules in the liquid state close to the pore surface can be estimated as the product of the surface tension ␥ and the area of the surface. This loss in free energy competes with that for creating two liquid-vapor interfaces at the two pore mouths when the latter is empty. The "bulk" pressure term being negligibly small for water under ambient conditions, the free-energy difference between the filled and empty states of a cylindrical pore of effective radius R and length L p reads
where ␥ c is the liquid-wall and ␥ the liquid-vapor surface tension. Note that L p rather than L was chosen in Eq. ͑2͒, because the simulations for empty pores suggest that both liquid-vapor interfaces are, on average, located immediately at the cylinder endings. When ⌬⍀ = 0, the empty and filled states are equally probable, and this defines the critical effective radius
To determine R c for a pore of bare length L p = 10 Å, we have carried out extensive MD simulations for several values of the effective radius, 3.0 Å ഛ R ഛ 6.0 Å. The simulations were performed for periodic boxes of dimensions L x = L y = 24.1 Å, and L z Ӎ 52 Å parallel to the pore axis. The temperature and pressure were maintained at the values T = 300 K and P = 1 bar, by coupling the system to a Berendsen thermostat, and a barostat which allowed box rescaling only in the z direction. The total number of water molecules in the simulation box was N = 740. We have computed the water occupancy, i.e., the number of water molecules within the pore, as a function of time, along trajectories in phase space extending over T sim տ 50 ns. Results for three pore radii shown in Fig. 2 exhibit typical intermittent behavior, with a stochastic succession of empty and filled states; in the latter case the number N w of water molecules inside the pore fluctuates around a mean number N w Ӎ 30 when R p =8 Å ͑R = 5.5 Å͒, which corresponds to a mean mass density of water inside the pore close to the bulk value of 1 g / cm 3 , in agreement with the findings of earlier simulations. 10 Following Beckstein and Sansom, 7 we define the "openness" of a pore by
where the characteristic function ͑t͒ = 1 in the filled state ͑ Ϸ 0 in the pore͒ and = 0 in the empty state ͑ Ϸ 0 in the pore͒. The threshold radius R c is defined as the pore radius for which Ӎ 0.5. Although the total simulation time of T sim = 50 ns is clearly too short for the radius R p = 8.0 Å to observe a sufficient number of "flips" between filled and empty states ͓cf. Fig. 2͑c͔͒ , we estimate the openness to be 0.04, 0.40, and 0.82 for effective radii R = 5.0, 5.25, and 5.5 Å, respectively. This suggests a value of R c Ӎ 5.3 Å for the critical effective radius, which is close to earlier estimates based on shorter runs or more realistic hydrophobic channel models. 8 Substituting R c = 5.3 Å into Eq. ͑2͒, we obtain the estimate ␥ c Ӎ 0.53␥. The contact angle in Young's equation ␥ vc − ␥ c = ␥ cos is then estimated to be Ӎ 122°, by assuming the vapor/channel surface tension ␥ vc to be negligibly small and using the experimental value of ␥ = 0.174k B T /Å 2 . The estimated contact angle is close to the measured value Ӎ 118°for water on a flat methylterminated self-assembled monolayer.
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B. Electric-field effects
In our preliminary work 17 we have shown that an external electric field across the pore and embedding membrane generated by an imbalance of cation concentration in the reservoirs on both sides of the membrane has profound effects on water confined to a nanopore. We examine the structure, electrostriction, and dielectric behavior of confined water under these conditions in more detail in this subsection.
The simulation setup is sketched in Fig. 3 . Since the reservoirs on both sides of the membrane have different concentrations of anions and cations, periodic boundary conditions in the z direction require the basic cell to contain two pores in succession, say A and B. The reservoir to the right of pore A is also the reservoir to the left of B, and vice versa. In this part of our investigation which focuses on equilibrium properties of pore-confined water in a strong electric field, we add 16 anions ͑Cl − ͒ of ͑partial͒ charge −q͑0 ഛ q ഛ e͒ to one reservoir and 16 cations ͑Na + ͒ of ͑partial͒ charge +q to the other reservoir. In order to maintain the overall system in a stationary state, the pore is made impermeable to the ions by setting the pore radius to zero only for the latter, thus preventing a net flow of ions ͑i.e., an electric current͒, and consequently a gradual drop in voltage. The relaxation towards equilibrium when the pore is open to ions will be examined in Sec. V. Due to the mutual repulsion of equally charged ions in one reservoir and the attraction to oppositely charged ions in the other reservoir, ions tend to condense symmetrically near the membrane surfaces leading to condenserlike configurations. This is illustrated by the concentration profiles of anions and cations shown in Fig. 3͑a͒ . The profiles on both sides of the two membrane slabs are not symmetrical, due to the different sizes of anions and cations, and the differences in their interactions with walls, water, and other ions. Local electric fields are measured as explained in Appendix B. Examples of the mean axial field ͗E͑z͒͘ ͑field component along Oz resolved in z͒ are shown in Fig. 3͑b͒ . By ͗..͘ we denote the radial average over the water accessible volume ͑r Ͻ R inside the pore͒ at a given position z. As expected, the electric field vanishes in the conducting reservoirs, as a consequence of ion mobility, while it is substantial and almost constant inside the pores with opposite signs in A and B. The field strength can be adjusted by varying q. Examples of axial electric-field profiles observed when q = 0.446 25e ͑i.e., total charges Q = ± 7.14e in the reservoirs͒ are shown in Fig. 3͑b͒ , for a pore radius R p = 7.0 Å. The mean value of the electric
L p ͗E 0 ͑z͒͘dz inside pores empty of water is found to be surprisingly close to the value expected for a condenser of surface-charge density = Q / ͑2L x 2 ͒, with L x = 24.1 Å ͑the lateral size of the slabs͒, namely, E 0 = / ⑀ 0 Ӎ 1.12 V / Å. When the pore is filled with water, the electric field inside is reduced by the opposing polarization field. With the same physical parameters, we now find a mean value ͗E͘Ӎ0.46 V / Å, as shown in Fig. 3 . Note that in the absence of the electric field, a pore radius R p = 7.0 Å ͑R = 4.5 Å͒ would be empty of water as shown in the previous section, or in the work of Allen et al. 10 A qualitative, macroscopic analysis of the critical field required to fill a hydrophobic pore of given radius and length will be given at the end of this section.
Although a dielectric permittivity ⑀ is an ill-defined concept in nanometer scale-confined polar fluids, 29 where it is, for the least, a tensorial quantity, one may attempt to use two alternative macroscopic definitions of ⑀ to characterize dielectric screening within the pore. On one hand ⑀ may be defined as the ratio of the average fields within the empty ͑͗E 0 ͘ or "applied field"͒ and filled ͑͗E͘ or "screened field"͒ pore, i.e.,
The average local permittivity in the pore can also be estimated from the mean polarization ͗P͘ according to
where = 7.841ϫ 10 −30 C m = 0.489eÅ is the dipole moment of a single SPC/E water molecule, 18 is the mean number density inside the pore, and ͗cos ͘ characterizes the mean orientation of the dipole vector of the molecules with respect to the z axis. According to elementary electrostatics, the two definitions ͑5͒ and ͑6͒ would yield identical results in the bulk.
By varying q in the MD simulations, one may now estimate the effective dielectric screening via Eq. ͑5͒ and the local permittivity from Eq. ͑6͒. The results for ⑀ and ⑀ p , tabulated in Table II for several pore radii R, are seen to differ for every applied field, except in the bulk. The differences may be, at least qualitatively, understood from a simple macroscopic, electrostatic model described in Appendix C. The resulting total inhomogeneous electric-field distribution is illustrated in Fig. 4 , for a pore geometry R = 5 Å and L = 15 Å. The curve shows the axial component E͑r , z = z c ͒ of the local electric field as a function of the radial distance r, at the center of the pore ͑z = z c ͒; the curve in the inset is the axial component along the pore axis ͓E͑z , r =0͔͒ as a function of the coordinate z along the axis. The latter goes through a maximum at the center of the pore, and this maximum value goes over to the applied field E 0 as the distance from the axis increases. The results shown in Fig. 4 are in semiquantitative agreement with the simulation data shown in Fig. 5 . The on-axis axial component E͑z , r =0͒ also goes through a maximum, but the curve is no longer symmetric around z = z c , due to the molecular structure of the dipolar solvent. In the central plane z = z c , E͑r , z = z c ͒ tends much more slowly to ͗E 0 ͘ as r ӷ R, which may reflect finitesize effects when approaching the edges of the simulation box.
When subjected to an applied electric field, water undergoes electrostriction and dielectric saturation. 2 In bulk water electrostriction is relatively weak, even under strong fields, i.e., the increase in overall density is at most a few percent. Due to the alignment of the molecular dipoles in the applied field, and the reduction in dipolar fluctuations, the dielectric permittivity decreases sharply, as shown in Table II . Except for the expected layering near the confining walls, the bulk behavior of water in an external field electric field is not significantly affected when water is confined between two plates ͑slit geometry͒, when the latter are several molecular diameters apart. 3 This behavior changes dramatically when water is confined to a narrow cylindrical pore. While in the absence of an applied electric field, the mean density of water remains close to its bulk value for radii sufficiently large to allow permeation of the hydrophobic pore ͑i.e., R Ͼ R c Ӎ 5.3 Å͒, considerable electrostriction is observed when a strong electric field is applied. Electrostriction increases with decreasing pore radius, and for radii below the zero-field threshold radius R c Ӎ 5.3 Å, water is driven into the pore by a sufficiently strong applied field. The mean water densities inside a pore of length L p =10 Å ͑effective length L =15 Å͒ measured in our MD simulations are listed in Table II for three pore radii R p ͑two of which are below the zero-field threshold͒ and for several electric fields. Electrostriction of more than 100%, i.e., a doubling of the bulk water density, is observed for the narrowest pore and the largest fields! The observed electrostriction is independent of the ensemble used, because the pore is connected to large reservoirs, so that constant volume ͑NVT͒ simulations show hardly any differences compared to NPT simulations at 1 bar. Table II also shows that electrostriction is accompanied by dielectric saturation, i.e., a reduction of the dielectric permittivity, which is significantly stronger than in the bulk, and strongest for the narrowest pore.
The strong electrostriction must be attributed to a significant distortion of the hydrogen bond network. This is quantified by calculating the probability distribution P͑n hb ͒ of finding n hb hydrogen bonds per molecule in the pore. We have used the geometric criterion for hydrogen bonds put forward in a recent paper 30 which investigated the structure of the first coordination shell in liquid water. Using configurations generated in the MD simulations we calculated the distribution P͑n hb ͒ for bulk water and for water confined to TABLE II. Properties of water confined to a cylindrical pore of length L p = 10 Å and diameter ͑a͒ R p = 8.5 Å, ͑b͒ R p = 7.0 Å, and ͑c͒ R p = 5.5 Å in an electric field ͗E 0 ͘. ͑d͒ shows results from applied field simulations in bulk water under atmospheric pressure. ͗E͘ has an uncertainty of about 0.015 V / Å and could not be accurately determined for the smallest field ͑͗E 0 ͘ =0.28 V/Å͒ in ͑a͒ and ͑b͒. 
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pores of radii R p = 8.5 and 7.75 Å, which are intermittently filled in the absence of electric field. For the narrowest pore investigated ͑R p = 5.5 Å͒, a field ͗E 0 ͘Ӎ0.14 V / Å is required for the channel to fill. The resulting distributions P͑n hb ͒ are shown in Fig. 6 . The distribution is significantly shifted towards lower values of n hb as the confinement increases. The measured average numbers of hydrogen bonds are ͗n hb ͘ = 3.24 in the bulk, ͗n hb ͘ = 2.28 and 2.16 for R p = 8.5 and 7.75 Å ͑in the absence of external field͒, and ͗n hb ͘ = 1.97 for R p = 5.5 Å with an electric field ͗E 0 ͘ = 0.14 V / Å. The change of local structure with electric field can also be seen in the oxygen and hydrogen radial density profiles in the pores shown in Fig. 7 . Frame 7͑a͒ corresponds to a pore radius R p = 7.0 Å. For the smallest applied field, ͗E 0 ͘ = 0.14 V / Å, the two density profiles are rather flat, and close to the bulk density of water, as already noticed in the equilibrium simulations of Allen et al. 10 An applied field ͗E 0 ͘ = 0.56 V / Å, corresponding to a measured average field ͗E͘ = 0.112 V / Å inside the pore, leads to a strong layering of the water molecules, particularly near the cylindrical pore surface. The corresponding mean density of water is 47% higher than in the bulk ͑cf. Table II͒! The profiles for the narrower pore with R p = 5.5 Å, measured for three fields of increasing amplitude ͗E 0 ͘, are shown in Fig. 7͑b͒ . The layering and mean density increase dramatically with ͗E 0 ͘. As expected, the hydrogen atoms can get closer to the pore surface. At the highest field a second water layer forms near the pore axis. The electric-field-induced filling of narrow hydrophobic pores may be understood, at least qualitatively, in terms of macroscopic considerations. In the presence of an applied field E 0 , the free-energy difference ͑2͒ between filled and empty states must be generalized to
where the third term is the electrostatic energy difference, assuming that the electric field inside the pore is homogeneous over the pore volume V = R 2 L p , and ⑀ g and ⑀ l are the permittivities of the confined water vapor or liquid, corresponding to the "empty" and "filled" states, respectively. These two states are equally probable when ⌬⍀ = 0, and thus the critical radius in the presence of an external field E 0 is given by
where ⌬⑀ = ͑1/⑀ g −1/⑀ l ͒, generalizes Eq. ͑3͒, and indeed shows that the critical radius R c decreases with increasing field E 0 . For a given pore geometry ͑R Ͻ R c , L p ͒, Eq. ͑8͒ may be rewritten to express the critical field above which the pore fills
Since ⑀ l ӷ ⑀ g , even in confined geometry, ⌬⑀ Ӎ 1. The critical field ͑9͒ is plotted versus the pore radius R for a pore length L p = 10 Å in Fig. 8 ; the experimental liquid-gas surface tension ␥ = 0.174k B T /Å 2 is used, together with the relation ␥ c = 0.53␥ derived from our earlier analysis of the critical radius in the absence of the electric field ͓Eq. ͑3͒ and discussion at the end of Sec. III A͔. Critical fields estimated from 50-ns MD simulations for three pore radii are shown in Fig. 8 for comparison. The theoretical estimate ͑9͒ is seen to exhibit the right trend, but to overestimate the measured critical fields by nearly an order of magnitude. There are at least three possible explanations for this quantitative discrepancy. First, the macroscopic electrostatic model in Appendix C shows that the screened field in the filled pore is far from homogeneous, and extends to radii well outside the pore radius ͑cf. Figs. 5 and 6͒, so that a volume larger than the pore volume V should be considered for the electrostatic contribution in Eq. ͑7͒. Second, we have seen that finite-size effects in the simulations can modify the electric-field distribution significantly when moving radially away from the pore. Finally, the surface tensions ␥ and ␥ c could change significantly under the action of the electric field due to the strong restructuring of the water molecules. The full explanation of the discrepancy between the macroscopic model and the simulation data might very well be a combination of these reasons.
IV. FREE-ENERGY PROFILES FOR ION PERMEATION
A single ion approaching the channel membrane faces a free-energy barrier which it must overcome for channel permeation. The origin of the barrier is twofold: first, confinement of the ion to a narrow pore strongly reduces the volume locally accessible to it, and thus lowers the configurational entropy; second, there is a cost in solvation free energy, since the ion is surrounded by fewer, and differently structured water molecules compared to the hydration shell in the bulk. We assume that both mechanisms are independent, and contribute additive components of a Landau free-energy profile which is a function of an "order parameter" z, the distance of the ion from the center of the pore along its axis,
where F conf ͑z͒ is the entropic cost arising from the confinement, while F sol is the solvation part. F͑z͒ may, in principle, be calculated, within a constant C, from the probability density P͑z͒ of finding the ion in the interval ͓z , z + dz͔,
P͑z͒ can be measured in simulations of the system sketched in Fig. 1, i. e., involving a pore through a membrane separating two reservoirs filled with water, and containing a single ion, the position of which is monitored during a MD evolution to determine a histogram of the ion positions. This direct method faces, however, two problems: ͑i͒ on one hand an excessively long simulation would be required for the ion to sample representative positions in the reservoirs and within the narrow pore, in order to accurately determine the ratio of probabilities of finding the ion in the pore or in the reservoirs, and ͑ii͒ on the other hand the expected steep freeenergy barriers at the two mouths of the pore entail vanishingly small probabilities for the ion to permeate the pore. Problem ͑i͒ is essentially entropic and concerns directly the confinement free energy F conf in Eq. ͑10͒. The latter can be estimated from the "free" area A p ͑z͒ accessible to the ion at any given position z; it depends only on the size of the ion relative to the pore dimension, and is independent of ionic charge and water configuration. If L x is the lateral dimension of the reservoirs ͑i.e., of the simulation box͒,
͑12͒
Obviously, the barrier depends on the lateral simulation box area; for a physical system this corresponds to the inverse pore density per unit area, given for instance by the ion channel surface density on a cell membrane. Let z be the distance to the center of the pore z c , conveniently chosen to be z c = 0. For positions along the axis outside the effective width of the membrane ͉z͉ Ͼ L /2, A p ͑z͒ = L x 2 , while inside the cylindrical channel ͉͑z͉ Ͻ L p /2͒, A p ͑z͒ = R i 2 , where R i = R p − i Ј is the effective radius of an ion of species i ͑the wall ion interaction diameters i Ј are listed in Table I . For L p /2Ͻ ͉z͉ Ͻ L / 2, the effective radius is given by the smooth interpolation formula
For the box size L x = 24.1 Å, used in our simulations, the barrier heights calculated from Eq. ͑12͒ vary typically between 1.5 and 4k B T, depending on the radius of the ion under consideration.
Once the contribution to the Landau free energy due to confinement has been determined from Eq. ͑12͒, the solvation part in Eq. ͑10͒ may be efficiently calculated by confining the ion to a cylindrical pore of radius equal to that of the membrane pore outside the latter, and spanning the whole simulation cell; due to the periodic boundary conditions, this means that the ion is confined within a pore of infinite length. In the reservoirs, this confinement will not affect the bulk solvation free energy, since the water molecules around the ion are still free to move and rotate in and out of the extended pore. The probability density of finding the ion at z, under the infinite pore constraint, will be referred to as P͑z͒. Problem ͑ii͒ concerning the sampling of ion configurations near the steep potential barriers may then be overcome by a variant of "umbrella sampling," 25 whereby the ion ͑but not the water molecules͒ is subjected to a biasing potential B z0 ͑z͒ which forces the ion to sample a low probability region around a prescribed position z 0 . The solvation part of the free energy ͑10͒ may then be extracted from the simulation by the following relation:
Critical field E 0,c vs the effective pore radius R for a fixed pore length L p = 10 Å. The channel is filled with water for fields larger than the critical field. We compare theoretical estimates from the phenomenological theory ͑9͒ to simulation results for R = 4.5 Å, R = 3.5 Å, and R = 3.0 Å depicted as circles. The shaded region indicates pore radii smaller than one water radius R ഛ 1.5 Å.
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where P ͑z͒ is now the probability distribution observed under the infinite pore constraint and in the presence of the biasing potential, and C z 0 is a constant depending only on the biasing potential. By choosing a range of biasing potentials B z 0 ͑z͒, one can explore the whole range of positions z; the overlaps of the resulting F sol ͑z͒ allow C z 0 to be determined over the whole range of positions. A similar method has recently been used to determine the free-energy profiles of water inside narrow pores. 10 We have chosen a simple parabolic biasing potential of the form
with values of the spring constant k in the range of 1-10 kJ mol −1 Å −2 . Results for the total free-energy profile, i.e., the sum of the contributions ͑12͒ and ͑13͒, are plotted in Fig. 9 for K + , Na + , Cl − , and Ca 2+ ions, and a pore of length L p =10 Å ͑ef-fective length L =15 Å͒, and radius R p = 8.5 Å ͑R = 6.0 Å͒. The barriers are obviously symmetric and their rise starts already at z Ӎ ± 10 Å, i.e., well before the ion reaches the pore mouth on either end. Inside the pore, the profiles exhibit flat maxima of height approximately equal to 3, 5, 6.5, and 9.5k B T for K + , Na + , Cl − , and Ca 2+ ions, respectively. The order of the increasing barrier heights correlates well with the decrease in solvation free energy of the ions in bulk SPC/E water. 31 Note that the larger K + ion experiences a lower potential barrier than the smaller Na + ion, and is less preferentially solvated than the latter. The data shown in Fig.  9 and the results of Lynden-Bell and Rasaiah 31 allow the qualitative conclusion that stronger solvation in the bulk leads to a higher barrier upon confinement of the ion to a narrow pore. However, when the pore radius decreases to a value comparable to the ion radius, A p ͑z͒ goes to zero and the confinement free energy ͑12͒ diverges, and hence dominates the solvation contribution for sufficiently narrow pores.
In the case of the narrowest hydrophobic ion channels, we have seen that the pore "dries," and an axial electric field is required to drive water molecules inside. In order to calculate the free-energy barrier to ion permeation in that case, we have used a constraining potential acting on the water molecules alone, and mimicking the "condenser" setup described in Sec. III B. The chosen potential acts only on the water oxygen and hydrogen atoms in the interval ͉z͉ Ͻ L /2, i.e.,
where E cons is the magnitude of the constraining field. The constrained probability distribution P B ͑z͒ in Eq. ͑13͒ is now calculated with the additional constraint on the water molecules arising from ͑15͒. The resulting Landau free energy for a Na + ion near a pore of length L p = 10 Å and R p = 7.0 Å is plotted in Fig.  10͑a͒ for two constraining fields E cons = 0.05 and 0.10 V / Å. By convention the free energy is set to zero in the left-hand reservoir; the calculated profiles are now highly asymmetric. This may be understood as follows. The constraining field E cons polarizes the water inside the pore, inducing "surface" charges at the two ends of the pore, which in turn generate a reaction field. The latter increases with E cons and acts on the ion. The magnitude of this induced field can be estimated from the total free-energy gain of the ion after permeation, 
FIG. 10. ͑a͒ Free-energy barrier profiles F͑z͒ for Na
+ in a pore of radius R p = 7.0 Å, with a constraining field E cons,1 = 0.05 V / Å ͑squares͒, and R p = 7.0 Å with a constraining field E cons,2 =0.1 V/Å ͑diamonds͒. The constraining field keeps the narrow channel filled with water. ͑b͒ The total free energy including potential ͑15͒ for Na + in a R p = 7.0-Å pore, for constraining fields as in ͑a͒. The inset shows a magnification of the profile near the pore entrance for a better identification of the barrier height.
divided by the channel length and the ion charge q, i.e., E ind Ӎ͓F͑z = L /2͒ − F͑z =−L /2͔͒ / ͑Lq͒. This yields E ind Ӎ 0.013 and 0.018 V / Å for E cons = 0.05 and 0.1 V / Å. The small structure observed in F͑z͒ around z =5 Å ͑but absent at z =−5 Å͒ is probably a signature of the asymmetric solvation of the ion by oriented water molecules close to the pore endings. Figure 10͑b͒ shows the free-energy profiles when the potential ͑15͒ also acts on the ion, as is the case in the setup of Fig. 3 , which will be used in Sec. V to investigate the relaxation of an initial ion concentration gradient across the membrane to equilibrium. The free-energy profiles are now dominated by the contribution of the applied field, and the barrier height is nearly suppressed. The remaining barrier near the left-hand pore entrance is less than 4k B T for the lower applied field and about 2k B T for the higher E cons , in the case of Na + . Free-energy profiles for the four ionic species K + , Na + , Cl − , and Ca 2+ are compared in Fig. 11 for the narrow channel of radius R p = 5.5 Å. A field of magnitude E cons = 0.2 V / Å is applied to ensure that the pore is filled with water; this is a magnitude comparable to that achieved in the nonequilibrium simulation in Sec. V. The mirror image of the density profile of the anions Cl − is shown to allow comparison with the cation results. The barriers in Fig. 11͑a͒ , where the ions are not subjected to the potential ͑15͒, are ordered as for the wider pore ͑cf. Fig. 9͒ . The total free-energy offset F͑z = L /2͒ − F͑z =−L /2͒ is different for the four species, showing that the induced fields, which would be identical in the absence of ions, are sensitive to the charge and the size of the ions. The profiles corresponding to the case where the ions are also subjected to the potential ͑15͒ are shown in Fig.  11͑b͒ . The remaining barrier at the left pore entrance is largest for the Ca 2+ ion ͑Ӎ10k B T͒ as expected since this divalent cation is more strongly hydrated in the bulk than the monovalent ions.
We have also computed the free-energy profile of a Na + ion in a narrow channel ͑R p =7 Å͒ empty of water ͑water permeation is prevented by setting the channel radius equal to 0 for the water molecules͒. The barrier turns out to be extremely high ͓F͑z = z c ͒Ӎ108k B T͔, in good agreement with the absolute value of the solvation free energy of Na + in bulk SPC/E water, 31 showing that the ion permeation of a pore empty of water is extremely unlikely, even when it is as short as 1 nm.
V. RELAXATION TO EQUILIBRIUM
We now turn to the physiologically important situation of an initial charge imbalance across the membrane, corresponding to different anion and cation concentrations in the reservoirs separated by the membrane. In order to allow the implementation of periodic boundary conditions in the z direction, the setup involving two membranes, sketched in Fig.  3 , has been used in these nonequilibrium MD simulations. All ions carry their physical charges. One reservoir has initial concentrations c + Ӎ 0.9M ͑12 cations͒ and c − Ӎ 0.6M ͑8 anions͒, while in the second reservoir c + Ӎ 0.3M ͑4 cations͒ and c − Ӎ 0.6M ͑8 anions͒. The cations were Na + or K + , while the anions were always Cl − . This initial charge imbalance generates an average electric field of 0.32 V / Å across the membrane, which is about one order of magnitude larger than under normal physiological conditions, but could be achieved in the course of a rare but large fluctuation at the pore entrance. The large cation concentration is necessary to improve the signal-to-noise ratio in the simulation. In the case of the divalent cation Ca 2+ we chose a setup with the same Ca 2+ concentration but twice the Cl − concentration to ensure electroneutrality. The dimensions of the total simulation cell including both channels are L x = L y = 23.5± 0.3 Å and L z = 100.3± 1.7 Å with 1370 water molecules at P = 1 bar and T = 300 K. Each simulation was repeated at least ten times with different initial configurations, in order to gather sufficient statistics for the permeation events. In the setup of Fig. 3 , with one reservoir in the middle and the other reservoir on both ends of the simulation cell along Oz, the concentration gradients, and hence the electric fields, are antiparallel in the two channels, and so will be the resulting ion currents. The relaxation towards equilibrium, where the two reservoirs are separately electroneutral, thus involves an indirect coupling of the two pores.
The nonequilibrium simulations were carried out for an effective pore radius R = 3 Å, which, in the absence of the electric field due to the charge imbalance, would be closed to water. Under the initial conditions of the nonequilibrium runs, the pore spontaneously fills with water, since the elec- 
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Electric-field-controlled permeation in a hydrophobic pore J. Chem. Phys. 122, 234706 ͑2005͒ tric field exceeds the critical field for that radius ͑cf. Fig. 8͒ . The runs with Na + and K + cations show qualitatively the same behavior. During the course of most simulations, four cations move successively through the pore. Snapshots of such an event are shown in Fig. 12 . Only rarely ͑typically 1 in 10 events͒ is a Cl − crossing observed, which may be understood from the significantly higher potential barrier experienced by Cl − compared to the monovalent cations ͑cf. Fig.  11͒ . Each of the ion crossings reduces the charge imbalance between the two reservoirs, and hence the electric field inside the pore. The number of water molecules inside both pores, and the electric field averaged over each pore are plotted versus time in Fig. 13 for a typical simulation run involving Na + ions. Due to the strong electrostriction effect, already discussed in Sec. III B under equilibrium conditions, the number of water molecules is significantly larger than that expected from the bulk density, namely,
At each ion crossing the number N w ͑t͒ of water molecules drops sharply, while remaining above N bulk . Once the third ion has crossed the first pore, after t Ӎ 1.6 ns, the residual electric field is no longer strong enough to sustain the filled state, and the pore spontaneously empties of water. Thereafter the pore is impermeable to ions, as may be expected from the very high free-energy barrier of an empty pore, mentioned at the end of the previous section. The other pore in the simulation cell remains filled, however, and the final ion crossing eventually occurs through that pore which thereafter also empties of water, at which stage the total system has returned to equilibrium. The same behavior, involving the closing of one channel after the passage of the third ion, was observed in all ten simulations carried out with different initial conditions.
In simulations where equal numbers of cations of the two species Na + and K + are included, it is found that crossing events are about twice as probable for the K + species than for the smaller Na + ions, which may be expected from the lower free-energy barrier experienced by the former ion ͑cf. Fig. 11͒ .
Ion transport through a pore is found to occur essentially at constant velocity, as illustrated in Fig. 14 , where the z coordinate of the permeating ion is plotted as a function of time. In the reservoirs, anions and cations undergo diffusive motion among the water molecules, characterized by a linear increase of the mean-square displacement with time. When a cation in the cation-rich reservoir comes close to the pore mouth, it experiences the strong axial electric field pictured in Fig. 3 , and is dragged into the channel. Analysis of ion passages in ten independent simulations run with the same initial charge imbalance, but different initial positions of the ions, shows that once an ion has penetrated inside the channel it moves with roughly constant velocity, estimated from the slope of the trajectories shown in Fig. 14 . These slopes are approximately the same in all ten runs. The ion motion reverts to diffusive once it leaves the pore at the other end. The slopes observed for the first, second, and third ion crossings decrease, due to the drop in the driving electric field after each crossing. The slopes give direct access to the cation mobilities + via the constitutive relation = + qE, and the electric field measured inside the pore. The resulting values for Na + , K + , and Ca 2+ averaged over ten runs with different initial configurations are summarized in Table III. The measured mobilities are seen to increase with increasing field, but to remain of the same order of magnitude as the corresponding bulk mobilities ͑ + = 5.1 and 8.4 s / kg for Na + and K + , respectively͒. 20 The mobilities are, however, systematically larger than those deduced from the diffusion coefficients in infinitely long pores of the same effective radius ͑ + = 1.2, 2.0, and 0.08 s / kg for Na + , K + , and Ca 2+ , respectively͒. 21 This enhancement of the mobility must be attributed to the change of the structure of water inside the pore, due to the strong electric field ͑cf. Fig. 7͒ .
We have checked the size dependence of our results by carrying out simulations in a larger box, by doubling the area of the x-y section, keeping the ion concentration gradient constant. As a consequence the numbers of water molecules and ions were doubled as well, so that twice the number of ion passages was required before the system relaxed to equilibrium. The jumps in the internal electric field and in the numbers of water molecules inside the pore upon an ion passage are thus smaller in this case than those shown in Fig.  13 . Qualitatively similar behavior is observed upon varying the pore radius or length, except for the fact that for effective pore radii R տ 5.3 Å, the pore remains mostly filled with water even in the absence of an electric field.
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VI. CONCLUSIONS
We have combined a highly simplified generic model of hydrophobic pores with a semirealistic description of water and ions to investigate pore permeation by water molecules and cations under equilibrium and out-of-equilibrium conditions by MD simulations. The dimensions ͑radius R and length L͒ of the cylindrical pore are comparable to those of the selectivity filter of many ion channels, or of segments of carbon nanotubes, but the model totally neglects the chemical structure of the confining pore surface. We have focused on the effects of varying the pore radius, and of the electric field on water and ion permeation for a fixed pore length L p =1 nm ͑corresponding to an effective length L = 1.5 nm͒. The key findings of the present work may be summarized as follows:
͑a͒ The present simulations, which extend over at least 50 ns, confirm the intermittent filling of the hydrophobic cylindrical pore by water under equilibrium conditions, provided the pore radius exceeds a critical value R c Ӎ 5.3 Å, as reported earlier for the same model, 10 or for more realistic models of ion channels [6] [7] [8] [9] or carbon nanotubes. 5 The critical radius agrees well with the prediction of a simple macroscopic calculation with reasonable values of the liquid/vapor and liquid/pore surface tensions ͓cf. Eq. ͑3͔͒. ͑b͒ Below the critical radius R c water still permeates the pore under the action of a strong electric field. The electric field is produced in a condenserlike setup, whereby the reservoirs in both sides of the pore contain ions of opposite charge. Equilibrium conditions are mimicked by preventing the ions from passing through the pore to restore electroneutrality in the two reservoirs. The water driven into the channel exhibits strong electrostrictive behavior, as characterized by layered radial density profiles, a mean density up to twice the bulk density, and a dramatic drop in dielectric permittivity. All these observations can be traced back to a considerable distortion of the hydrogen-bond network inside the pore. The variation of the critical radius R c with electric field is qualitatively, but not quantitatively reproduced by a macroscopic calculation of the competition between capillary and electrostatic contributions to the free-energy difference between filled and empty states in the pore. ͑c͒ The free-energy barrier to ion permeation of a filled pore has been estimated by calculating the Landau free-energy profile as a function of the axial ͑z͒ position of a single ion. This free energy has an entropic contribution, due to confinement, which is easily calculated, and a solvation contribution, which must be estimated in the MD simulations with the help of a biasing potential ͑umbrella sampling͒. The latter contribution correlates well with known solvation free energies in bulk water. In particular, the barrier to entering the hydrophobic pore is lower for the K + than for the Na + ion. When the pore radius R Ͻ R c , water must be forced inside the pore, by applying a biasing potential, which polarizes the channel. If the biasing field does not act on the ion, the barrier height felt by the latter increases with field strength. When the electric field also acts on the ion, the potential barrier drops to a few k B T. ͑d͒ We have finally explored the relaxation towards equi- librium, by starting the MD simulations with a large charge imbalance between the reservoirs on both sides of the pore and observing the successive passages of ions through the pore to restore charge neutrality. At each ion passage, the electric field across the channel drops, reducing the initial strong electrostriction, i.e., the mean density of water inside the pore. After a succession of drops, the pore closes to water, and hence to ion transport, thus providing a possible mechanism for voltage-dependent gating of hydrophobic pores. Since the critical electric field, below which the channel closes to water, depends on the pore radius and length, we might expect that water permeation of hydrophobic pores is strongly dependent on pore geometry.
Although clearly not directly applicable to any specific pore or ion channel, our results give clear indications of generic trends in water and ion permeation upon varying the characteristics of the pore geometry, and the applied electric field. Apart from the chemical specificity, the physically most important feature missing so far in our model is the polarizability of the water molecules and of the pore-embedding material ͑e.g., the protein in the case of ion channels or aquaporins͒. Work along these lines is in progress.
In the following, z is the distance from the left cylinder entrance. The setup is sketched in Fig. 15 . In the absence of a cylindrical pore through the membrane, i.e., in the limit R → 0, the electric field inside the condenser would be E = / ͑⑀ o ⑀ m ͒u z = Eu z . ͑u z being the unit vector along Oz.͒ In the presence of the pore ͑R Ͼ 0͒, there will be a component of E normal to u z , which will be discontinuous at the pore/ membrane interface. The longitudinal component is continuous, but will be affected by the presence of the dielectric continuum ⑀ p inside the pore.
Neglecting this effect, we invoke the superposition principle to calculate the axial component E͑z , r =0͒ along the cylinder axis ͑r =0͒ as the sum of the field due to the infinite plates in the absence of the pore, minus the field resulting from the two disks at the end of the pore ͑at 0 and L͒, plus the field due to these two disks when the pore contains a dielectric medium ⑀ p , i.e., FIG. 15 . Sketch of two infinite oppositely charged plates with charge density ± separated by a distance L enclosing a medium with permittivity ⑀ m . The dielectric pore with permittivity ⑀ p between the plates generates surface charges which change the homogeneous field generated by these plates. The resulting field on the axis of the pore is given by Eq. ͑C1͒.
